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Syntaxin 5 Is a Common Component of the NSF-
and p97-Mediated Reassembly Pathways of Golgi
Cisternae from Mitotic Golgi Fragments In Vitro
[Bennett et al., 1992] and SNAP-25 [Oyler et al., 1989]).
The v- or vesicle-SNARE interacts specifically with the
t- or target-SNAREs, forming a docked complex (SoÈ llner
et al., 1993b; Hayashi et al., 1994). This is thought to
underlie the specificity of vesicle targeting, since differ-
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ent SNARE pairs have been identified for most of theImperial Cancer Research Fund
known vesicle-mediated transport steps (Hardwick and44 Lincoln's Inn Fields
Pelham, 1992; Ferro-Novick and Jahn, 1994; Bock andLondon WC2A, 3PX
Scheller, 1997). The role played by NSF and SNAPs isUnited Kingdom
to break up the SNARE pair, a process that consumes
ATP (SoÈ llner et al., 1993a). What is still unclear is the
step at which this occurs (Bock and Scheller, 1997). InSummary
the original model (SoÈ llner et al., 1993b), NSF/SNAPs
bound to the SNAREs that had docked the vesicle toA cell-free system that mimics the reassembly of Golgi
the target membrane, and the break-up of the SNAREstacks at the end of mitosis requires two ATPases,
pair was somehow coupled to membrane fusion. MoreNSF and p97, to rebuildGolgi cisternae. Morphological
recently it has been suggested that NSF acts beforestudies now show that a-SNAP, a component of the
docking and fusion to break up the SNARE pair formedNSF pathway, can inhibit the p97 pathway, whereas
during the previous fusion event and prime it ready forp47, a component of the p97 pathway, can inhibit the
the next. Several studies point in this direction (e.g.,NSF pathway. Anti-syntaxin 5 antibodies and a soluble,
Morgan and Burgoyne, 1995; Banerjee et al., 1996), therecombinant syntaxin 5 inhibited both pathways, sug-
most recent being work on yeast vacuole fusion.The yeastgesting that this t-SNARE is a common component.
homologs of NSF and a-SNAP (sec18p and sec17p) areBiochemical studies confirmed this, showing that p47
needed to prime the vacuoles but not for their subse-binds directly to syntaxin 5 and competes for binding
quent fusion (Mayer et al., 1996).with a-SNAP. p47 also mediates the binding of p97 to
In contrast to NSF, much less is known about thesyntaxin 5 and so plays an analogous role to a-SNAP,
mechanism of action of p97. One cofactor has beenwhich mediates the binding of NSF.
described, p47, which forms a tight stoichiometric com-
plex with p97, a trimer of p47 binding to a hexamer of
Introduction p97 (Kondo et al., 1997). This complex is essential for
the reassembly of Golgi cisternae from mitotic Golgi
Cytoplasmic fusion events are catalyzed by at least two fragments, but it is still unclear precisely how p47 medi-
ATPases. The first, NSF, was identified as the NEM- ates the function of p97.
sensitive component needed for intra-Golgi transport of The precise role played by each of these two ATPases
vesicles (Block et al., 1988). It was later shown to be is also a matter for some debate. It has been suggested
involved in a number of other vesicle-mediatedtransport that NSF catalyzes heterotypic fusion events whereas
steps (Beckers et al., 1989; Diaz et al., 1989; Wilson et p97 catalyzes homotypic fusion events, but there are
al., 1989). The second, p97, was first purified on the examples of homotypic fusion catalyzed by NSF (Mell-
basis of its large size and abundance and found to be man, 1995). It has also been suggested that p97, being
homologous to NSF (Peters et al., 1990, 1992). It was the more ancient of the two ATPases (Confalonieri and
then shown to function in the fusion of outer nuclear Duguet, 1995), is involved in organelle biogenesis. Arch-
envelopes during yeast karyogamy (Latterich et al., aebacteria lack internal membranes, so the only cyto-
1995) and in the reassembly of the Golgi apparatus from plasmic fusion event that would require a p97 homolog
fragments generated either using the drug Ilimaquinone would be the fusion of the plasma membrane that leads
(IQ) (Acharya et al., 1995) or under mitotic conditions to cell separation during cytokinesis. Homologs of p97
(Rabouille et al., 1995a). Both are members of the AAA have also been implicated in the biogenesis of peroxi-
family of ATPases (Confalonieri and Duguet, 1995). somes (Erdmann et al., 1991; Spong and Subramani,
The mechanism of action of NSF has been the subject 1993).
of a considerable amount of work since it was first dis- Whatever the precise role played by these two ATPases,
covered (Block et al., 1988). a-SNAP is needed to bind it is clear that, in the one example where both have
NSF to Golgi membranes, and this binding is augmented been implicated, their role is different. When the Golgi
by g-SNAP (Clary et al., 1990). The SNAP receptors, or apparatus is fragmented using IQ, the reassembly path-
SNAREs, were first identified using extracts of brain way requires the sequential action of NSF followed by
membranes (SoÈ llner et al., 1993b) and were found to p97 (Acharya et al., 1995). When mitotic Golgi fragments
comprise a protein in synaptic vesicles (VAMP/synapto- reassemble into cisternae, the morphology of the prod-
brevin [Trimble et al., 1988; Baumert et al., 1989]) and uct differs depending on whether NSF or p97 is added.
two found mostly in the plasma membrane (syntaxin NSF generates fenestrated cisternae with attached vesi-
cles and dilated cisternal rims, whereas p97 generates
unfenestrated cisternae with no attached vesicles and³To whom correspondence should be addressed.
§These authors contributed equally to this work. blunt-ended rims (Rabouille et al., 1995a).
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Despite generating a different cisternal morphology
after reassembly, we noticed that the effects of NSF and
p97 were not additive. The median cisternal length of
the products was very similar as was the percentage of
membrane incorporated into cisternae (Rabouille et al.,
1995a). Given the differences in the function of these
two ATPases, this was a surprising result and suggested
that NSF and p97 share a common component of the
fusion machinery. Given the work carried out on the
mechanism of NSF action, we focused on Golgi SNAREs.
Here we identify the t-SNARE syntaxin 5 as a common
component of the two pathways and discuss the impli-
cations of this competition for membrane traffic and
organelle biogenesis.
Results
The Reassembly Assay
Purified rat liver Golgi membranes were incubated with
mitotic HeLa cytosol for 30 min at 378C to generate
mitotic Golgi fragments (MGFs) that were then isolated
and incubated with 2.5 mM NEM for 15 min on ice.
These treatments render Golgi membranes inactive for
cisternal regrowth unless the components of the NSF
and/or p97 pathway are added. In other words, single
cisternae only grow in the presence of either NSF 1
a-SNAP 1 g-SNAP 1 p115 (a vesicle docking protein
[Sapperstein et al., 1995]) or p97 1 p47, or both. The
level of each component was adjusted to give maximum
cisternal regrowth, which in most cases meant that the
amounts added were 5- to10-fold lower than those used
previously (see Experimental Procedures; Rabouille et
al., 1995a). In agreement with earlier results, the extent
of regrowth was similar for the two pathways, and there
was no significant, additive effect. In a typical set of
experiments, cisternae regrew from a starting value for
NEM-MGFs of 21.5% 6 3% (SEM) to 41% 6 3% (SEM)
for NSF, 40% 6 4% (SEM) for p97, and 44% 6 3.5% Figure 1. Inhibition of the p97 Pathway by Individual Components
(SEM) for both NSF 1 p97. Given the similarity in the of the NSF Pathway
final percentage of membrane in cisternae, cisternal re- (A) Mitotic Golgi fragments (MGFs) were treated with NEM,
growth is expressed on a scale from 0% to 100% where quenched,and preincubated briefly on ice with the followingcompo-
nents (final concentrations in assay): a-SNAP (50 mg/ml), g-SNAP0% represents the starting NEM-MGFs and 100% the
(25 mg/ml), NSF (100 mg/ml), or p115 (7.5 mg/ml). After addition ofmaximum regrowth for either the NSF or p97 pathway.
buffer or p97/p47, the samples were incubated for 60 min at 378C.On this scale, omission of one or more components of
The membranes were fixed, processed, and the percentage mem-
either pathway prevented cisternal regrowth from NEM- brane in cisternae determined.Results are presented as the percent-
MGFs by 80%±90%. age cisternal regrowth 6 SEM (n 5 3) where 0% represents starting
NEM-MGFs (22% 6 3% in cisternal membranes) and 100% repre-
sents p97/p47 in the absence of any pretreatment (40% 6 4% in
a-SNAP Inhibits the p97 Pathway cisternal membranes).
To test for competition between the two pathways, each (B) NEM-MGFs were preincubated briefly with variable amounts of
a-SNAP followed by incubation with p97/p47 (open squares) orcomponent of the NSF pathway was preincubated with
incubated with NSF/g-SNAP/p115 and variable amounts of a-SNAPNEM-MGFs for 5 min on ice before addition of the p97/
(filled squares). The 100% cisternal regrowth value for the NSF path-p47 complex. As shown in Figure 1A, neither NSF,
way was 41% 6 4% in cisternal membranes. The final concentra-
g-SNAP, nor p115 had any significant effect on cisternal
tions of a-SNAP in the assay are indicated.
reassembly by the p97 pathway. However, a-SNAP in-
hibited reassembly almost completely, to the level ob-
tained using buffer alone (20%). Each of these compo- inhibition of the p97 pathway. The mirror symmetry of
the curves suggests that activation of the NSF pathwaynents was added at the level needed for maximal
reassembly by the NSF pathway. To get a better idea by a-SNAP is linked to inhibition of the p97 pathway.
of the levels of a-SNAP needed for activation of the NSF
pathway and inhibition of the p97 pathway, the dose p47 Inhibits the NSF Pathway
Components of the p97 pathway were also tested fordependency was measured. As shown in Figure 1B,
about 15 mg/ml a-SNAP was needed for half-maximal their effect on the NSF pathway. NEM-MGFs were prein-
cubated briefly with either p97 or p47 before additionactivation of the NSF pathway and about 30 mg/ml for
The p97 and NSF Pathways Compete for Syntaxin 5
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Figure 2. Inhibition of the NSF Pathway by Individual Components
of the p97 Pathway
NEM-MGFs were briefly preincubated on ice with the following com-
ponents (final concentrations in assay): p47 (35 or 75 mg/ml) or p97
(150 mg/ml). After addition of buffer or NSF/a-SNAP/g-SNAP/p115,
the samples were incubated for 60 min at 378C. The membranes
were fixed, processed, and the percentage membrane in cisternae
determined. Results are presented as percentage cisternal regrowth
6 SEM (n 5 3) where 0% represents starting NEM-MGFs (22.5% 6
Figure 3. Role of Syntaxin 5 in Cisternal Regrowth
3.5% in cisternal membranes) and 100% represents NSF/a-SNAP/
NEM-MGFs were preincubated for 30 min on ice with the followingg-SNAP/p115 in the absence of any pretreatment (41% 6 4% in
components: affinity purified antibodies (0.5 mg) to recombinantcisternal membranes).
His6-syntaxin 5-DTM; the same antibodies quenched with His6-syn-
taxin 5-DTM (0.2 mg); monoclonal antibodies to syntaxin 1 (HPC-1;
0.5 mg); or affinity purified antibodies to GOS-28 (0.6 mg). Alterna-of NSF 1 a-SNAP 1 g-SNAP 1 p115. As shown in Figure
tively, recombinant syntaxin 5-DTM (37.5 mg/ml) was added at the
2, p97 had little effect on NSF-mediated regrowth even same time as either p97/p47 or NSF/a-SNAP/g-SNAP/p115. After
when added at twice the level needed for maximal reas- incubation for 60 min at 378C, membranes were fixed, processed,
sembly by the p97 pathway. In contrast, p47 at twice and the percentage membrane in cisternae calculated. Results are
presented as percentage cisternal regrowth 6 SEM (n 5 2).the level inhibited regrowth to almost the same level as
the buffer control (23%), and even when added at the
same level it inhibited the NSF pathway by 50%. This raised to a His-tagged, recombinant form of syntaxin 5
suggests that the NSF pathway is inhibited by p47 as lacking the transmembrane domain (His6-syntaxin 5-DTM)
it activates the p97 pathway. (Hui et al., 1997b). Preincubation of NEM-MGFs with
these antibodies inhibited the p97 pathway by 80% and
The Role of Golgi SNAREs in Cisternal Reassembly the NSF pathway by nearly 60% (Figure3). This inhibition
The cross-inhibitory effect of a-SNAP and p47 sug- was prevented by preincubation of the antibodies with
gested that both the NSF and p97 pathways utilize a recombinant protein either with or without the His6 tag.
common downstream component of the fusion machin- A monoclonal antibody to syntaxin 1, a syntaxin that is
ery. SNAREs are the obvious candidate, since they are not present in Golgi membranes, had no inhibitory effect
known to interact directly with NSF/SNAPs (SoÈ llner et on either pathway (Figure 3).
al., 1993b). Several Golgi SNAREs are known, the best Recombinant syntaxin 5 lacking the transmembrane
characterized being syntaxin 5 (Bennett et al., 1993) (and domain was also tested for its effect on the reassembly
the yeast homolog, Sed5p [Hardwick and Pelham, 1992; assay. The form tagged with His6 was not inhibitory, but
Banfield et al., 1994]) and GOS-28/GS28 (Nagahama et a recombinant form comprising only the cytoplasmic
al., 1996; Subramaniam et al., 1996). Syntaxin 5 is a domain (syntaxin 5-DTM) inhibited the p97 pathway by
t-SNARE that resides mostly on the CGN (Banfield et 60% and the NSF pathway by nearly 80% (Figure 3).
al., 1994) and is involved in both anterograde traffic from These results point to syntaxin 5 as a common compo-
the endoplasmic reticulum (ER) (Dascher et al., 1994) nent of the two reassembly pathways.
and retrograde traffic from later parts of the Golgi appa- In contrast, GOS-28 was only involved in one of the
ratus (Banfield et al., 1995). GOS-28/GS28 is a v-SNARE pathways. Affinity purified antibodies inhibited the NSF
that has been implicated in both ER to Golgi (Subraman- pathway by more than 85% (Figure 3), consistent with
iam et al., 1996) and intra-Golgi transport (Nagahama et their known effect on exocytic transport (Nagahama et
al., 1996). It is also known to form a SNARE complex al., 1996; Subramaniam et al., 1996). However, these
with syntaxin 5 (Hay et al., 1997; Subramaniam et al., antibodies had no significant effect on the p97 pathway
1997). (Figure 3). This suggests that the p97 pathway either
The role played by syntaxin 5 in cisternal reassembly has no need of v-SNAREs during cisternal reassembly
or uses one(s) different to GOS-28.was tested using affinity purified polyclonal antibodies
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Figure 5. Binding of p47 to GST-Syntaxin 5-DTM
Figure 4. Binding of p47 to Native Syntaxin 5 GST-syntaxin 5-DTM (1.2 mg) or GST (1.2 mg) was incubated with
p47 (0.5 mg), p97 (2.0 mg), or both in 50 ml of buffer containing 0.1%Reconstituted p97/p47 was incubated with the indicated amounts
deoxycholate on ice, then isolated on glutathione beads, washed,of the heterobifunctional cross-linker sulfo-SADPon ice, and uncon-
and bound proteins fractionated by SDS-PAGE. Blots were probedjugated cross-linker was removed by gel filtration. The modified
with antibodies to p97 and the His6 tag on p47.p97/p47 complex was then incubated on ice with salt-washed Golgi
membranes, and where indicatedthe cross-linker photoactivated by
UV light at 254 nm. After quenching and solubilization in denaturing p47 and a-SNAP Compete for Syntaxin 5
detergents, endogenous syntaxin 5 was immunoprecipitated using
If syntaxin 5 is a common component of the NSF- anda mixture of polyclonal anti-peptideantibodies. After cleavage of the
p97-mediated pathways of cisternal reassembly, thencross-links using 2-mercaptoethanol, the samples were fractionated
the simplest way to explain the competition betweenby SDS-PAGE and the blots probed with antibodies to p97 and the
His6 tag on p47. A longer exposure for p97 is shown in the middle these two pathways is to suggest that p47 and a-SNAP
panel. compete for binding to syntaxin 5.
His6-tagged p47 and pure p97, either alone or as a
complex, were incubated with recombinant GST-syn-
taxin 5-DTM in the absence or presence of a-SNAP. Asp47 Binds to Syntaxin 5
shown in Figure 6A, a-SNAP bound to GST-syntaxinIf syntaxin 5 is a common component of the p97 and
5-DTM and prevented the binding of p47 irrespective ofNSF pathways, then we might expect that one or more
whether p47 was alone or part of the p97/p47 complex.components of the p97 pathway should bind to syntaxin
An 8-fold excess of a-SNAP over p47 typically inhibited5 just as the a-SNAP component of the NSF pathway
binding of p47 or p97/p47 by about 80%. The conversedoes (Hanson et al., 1995; Subramaniam et al., 1997).
was also true as shown in Figure 6B. p47 inhibited theThe p97/p47 complex was reconstituted using p97
binding of a-SNAP to GST-syntaxin 5-DTM either on itspurified to homogeneity from rat liver cytosol and re-
own or when part of the complex with p97. A 2-foldcombinant, His6-tagged p47. After coupling the heterobi-
excess of p47 over a-SNAP typically inhibited bindingfunctional cross-linker, sulfo-SADP, the modified com-
of a-SNAP by about 50%. p97 alone had no significantplex was repurified, incubated with Golgi membranes,
effect.and the cross-linker photoactivated by UV light. After
quenching, the membranes were solubilized in SDS to
separate all but cross-linked components, and endoge-
nous syntaxin 5 was immunoprecipitated using anti-
peptide antibodies. The cross-links were then cleaved
using 2-mercaptoethanol, the proteins that were bound
to syntaxin 5 were fractionated by SDS-PAGE, and the
blots probed for p47 and p97. As shown in Figure 4,
p47 was cross-linked to syntaxin 5, the level increasing
with increasing amounts of the cross-linker. Very little
p97 was bound, though some could be visualized upon
prolonged exposure of the blot. This likely represents
the small amount of cross-linked complex in which p97
is linked to p47, which is linked to syntaxin 5. These
results showthat p47 binds directly to syntaxin 5 in Golgi
membranes and is likely responsible for the binding of
p97.
The binding of p47 to syntaxin 5 was also reconstitu-
ted using a recombinant form of this SNARE lacking the
transmembrane domain and with the N terminus fused
to GST (GST-syntaxin 5-DTM). His6-tagged p47 and p97, Figure 6. Competition between a-SNAP and p47 for Syntaxin 5
either alone or in a complex, were incubated in detergent (A) GST-syntaxin 5-DTM (1.2 mg) was incubated on ice with a-SNAP
with GST-syntaxin 5, which was then isolated on gluta- (4.0mg), p47 (0.5 mg),and p97 (2.0 mg), either aloneor in combination,
in 50 ml of buffer containing 0.1% deoxycholate. Proteins bound tothione beads. As shown in Figure 5, p47 bound to GST-
glutathione beads were fractionated by SDS-PAGE and blots probedsyntaxin 5 when present alone or as part of the p97/
using antibodies to p97, p47, and the His6 tag on a-SNAP.p47 complex. In contrast, p97 only bound when it was
(B) GST-syntaxin 5-DTM (1.2 mg) or GST (1.2 mg) was incubated with
part of the complex. These results suggest that p47
a-SNAP (0.25 mg), p47 (0.5 mg), and p97 (2.0 mg), either alone or in
mediates the binding of p97 to SNAREs just as a-SNAP combination, and processed as in (A). The blots were probed using
antibodies to the His6 tag on a-SNAP.mediates the binding of NSF.
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Figure 7. Negative Staining of p97 Com-
plexes
Top left, p97 hexamers showing a side-on,
horizontal view of the barrel; Top right, recon-
stituted p97/His6-p47 complexes. Note the
conical ªhatº of p47 at the right end of the
barrel (arrows); bottom, reconstituted p97/
His6-p47/GST-syntaxin 5-DTM complexes. A
set of four side-on views are shown on the
left and an averaged (av.) view of 20 images
on the right. Note the two ªlegsº of GST-syn-
taxin 5 extending from the p97/p47 ªbody.º
Scale bar 5 20 nm.
There is an additional form of syntaxin 5 in mammals electron microscopy. The nonadditive effect of NSF and
p97 in rebuilding Golgi cisternae can be explained ifwith an N-terminal extension containing an ER retrieval
signal (Hui et al., 1997b). As a result, this longer form has syntaxin 5 controls all the necessary fusion steps.
These studies also suggest a role for the recentlya more peripheral location, thoughmost is still present in
the Golgi apparatus. GST-constructs of this longer form discovered p47 cofactor on the p97 pathway. Cross-
linking studies show that p47 binds directly to nativewere still found to bind p47 or a-SNAP (data not shown).
syntaxin 5 in Golgi membranes and to a recombinant
form of syntaxin 5 lacking the transmembrane domain.Negative Staining of p97/p47/GST-Syntaxin
5 Complexes p97 only binds if it is in a complex with p47. The specific-
ity of this binding was confirmed by visualizing a com-NSF, SNAPs, and SNAREs form a defined complex that
can be observed by electron microscopy (Hanson et plex of p97/p47 with GST-syntaxin 5. Negative staining
revealed a structure in which a p97/p47 ªbodyº wasal., 1997). If p97, p47, and syntaxin 5 form analogous
complexes, then these should also be observable. attached to two ªlegsº of GST-syntaxin 5. Taken to-
gether, these results suggest that p47 mediates thePure p97 is a hexamer with the six subunits forming
the staves of a barrel-shaped structure. When viewed binding of p97 to syntaxin 5 and so plays an analogous
role to a-SNAP, which mediates the binding of NSF.by negative staining horizontally and side-on, it appears
as two bands (Figure 7, top left). After reconstitution Differences do, however, exist. p97/p47 exists as a
stable cytosolic complex, whereas SNAPs and NSF onlywith His6-p47, the trimer of p47 can be seen at one end
of the p97 barrel, confirming our earlier observations form a complex in the presence of SNAREs (Wilson et
al., 1992). The binding of p97/p47 occurs in the presence(Kondo et al., 1997). The p47 in side view hasthe appear-
ance of a conical ªhatº (Figure 7, top right, arrows). of MgATP, whereas these same conditions lead to break
up of the NSF/SNAPs/SNARE complex (SoÈ llner et al.,Further reconstitution with GST-syntaxin 5-DTM gener-
ates a striking structure with two ªlegsº emanating from 1993a; Subramaniam et al., 1997). One possible expla-
nation is that the syntaxin 5 construct used forms ana p97/p47 ªbody.º The length of the ªlegsº is consistent
with the length of GST 1 syntaxin 5 using a predicted abortive complex with p97/p47. This construct lacks
the transmembrane domain, which has been shown tocoiled-coil structure for syntaxin (Chapman et al., 1994).
This structure is seen in each of the images presented augment the binding of a-SNAP to syntaxin 1A (Hanson
et al., 1995), but it has not so farbeen possible to prepareand in the image averaged from 20 individual ones (Fig-
ure 7, bottom). It was not obtained when GST was used a usable syntaxin 5 construct with this domain. Alterna-
tively, other cytosolic or Golgi components might beinstead of GST-syntaxin 5-DTM. The images suggest
that two molecules of syntaxin (or a multiple of two) needed to break up the complex, and efforts are cur-
rently underway to identify these.are bound to a p97 hexamer/p47 trimer. The precise
orientation of the syntaxin 5 and its relationship to p97/ Although the NSF and p97 pathways share syntaxin
5, they do not share other components of the fusionp47 must await further experiments using specific anti-
bodies. machinery. The NSF pathway needs the Ypt/rab family
of small GTPases (Sùgaard et al., 1994; Rothman and
SoÈ llner, 1997) and so is sensitive to added GDI (Rab-Discussion
GDP dissociation inhibitor) (Elazar et al., 1994). The p97
pathway appears to be insensitive to this exchange fac-Several lines of evidence point to syntaxin 5 as a com-
mon component of the two fusion pathways that rebuild tor (Acharya et al., 1995). We have shown in this paper
that antibodies to GOS-28 inhibit the NSF but not theGolgi cisternae from mitotic Golgi fragments. Both the
NSF and p97 pathways are inhibited by antibodies to p97 pathway. This either means that a different Golgi
v-SNARE is required or none at all. This latter possibilitysyntaxin 5 and by a recombinant form of this protein
that lacks the transmembrane domain. a-SNAP inhibits is given considerable support by work in the accompa-
nying paper on the yeast homolog of p97, Cdc48p (Patelthe p97 pathway and p47 the NSF pathway, and both
proteins compete for binding to syntaxin 5. Just as NSF et al., 1998 [this issue of Cell]). Cdc48p is needed for
the homotypic fusion of outer nuclear envelopes duringand a-SNAP form a defined complex with a variety of
syntaxins, including syntaxin 5, so p97/p47 forms a de- yeast karyogamy, and this can be mimicked in a cell-
free system using yeast microsomes. Fusion requiresfined complex with syntaxin 5 that can be visualized by
Cell
608
Cdc48p but not the yeast homolog of NSF, Sec18p (Lat- inactivation of syntaxin 5 or GOS-28. Alternatively, some
of these SNAREs might be involved in rebuilding thoseterich and Schekman, 1994). Latterich and colleagues
now show that the Cdc48p pathway is mediated by the cisternae that are not reconstituted in our cell-free
assay. Syntaxin 5 is mostly present in the CGN and cis-ER t-SNARE Ufe1p, which was first identified by its role
in retrograde transport from the Golgi to the ER (Lewis most cisternae, suggesting that trans cisternae and the
TGN are not reconstituted. Antibodies to the recentlyet al., 1997). Ufe1p is needed in both ER membranes that
are to fuse; none of the known ER to Golgi v-SNAREs discovered TGN SNARE, syntaxin 6 (Davanger et al.,
1997), should resolve this issue.are involved. This strongly suggests that a t-t-SNARE
pairing mediates the homotypic fusion of ER and per- The competition between the NSF and p97 pathways
may have important implications for the biogenesis andhaps Golgi membranes and that p97/Cdc48p breaks up
the t-t-SNARE pair in a similar manner to the break up functioning of the Golgi apparatus. Each Golgi cisterna
hastwo domains, an innercore containingresident Golgiof the v-t-SNARE pair by NSF/Sec18p. Consistent with
this idea is the observation that the t-SNAREs now impli- enzymes, and a peripheral rim that is involved in the
budding and fusion of transport vesicles (Weidman etcated in t-t-SNARE pairing are known to form dimers
and perhaps higher-order oligomers (Banfield et al., al., 1993). The fusion events at the rim are likely con-
trolled by NSF and those in the core by p97. Therefore,1994; Patel et al., 1998; unpublished data). It is also
worth pointing out that the break-up of the v-t-SNARE during interphase, NSF would control the flux of cargo
through the Golgi apparatus whereas p97 would controlpair by NSF will generate a t-SNARE that might, under
certain conditions, be able to interact subsequently with its biogenesis. The ratio of these two activities would
then depend on the cell type. At one extreme would bea t-SNARE rather than a v-SNARE. This could explain
why NSF has been implicated in homotypic as well as the differentiated secretory cell with a high flux of cargo
but only sufficient biogenesis to compensate for Golgiheterotypic fusion events (Haas and Wickner, 1996).
If syntaxin 5 controls all the necessary fusion steps turnover. At the other extreme would be the nonsecret-
ing but rapidly dividing tumour cell with much less cargoleading to cisternal reassembly, it is not immediately
obvious how theNSF and p97 pathways can each gener- but a high rate of organelle biogenesis. By utilizing a
common component of the fusion machinery, the cellate a different type of cisternal morphology. The answer
probably lies in the two classes of membranes that are would be able to integrate the flux of cargo through the
Golgi apparatus with its biogenesis. Calculation showsgenerated duringmitotic disassembly. The firstclass is a
homogeneous population of z70 nm transport vesicles that there are roughly similar amounts of a-SNAP and
p47 in cytosol, suggesting that competition in vivo is agenerated by the COPI budding pathway; the second
class is likely the remains or remnants of the cisternal real possibility. Our efforts are now focused on trying
to adjust the levels of these two regulatory componentscores, comprising a heterogenous population of tubules
and vesicles larger than transport vesicles (Misteli and so as todetermine the consequences for theGolgi appa-
ratus.Warren, 1995). The vesicles will be enriched in GOS-
28 (Nagahama et al., 1996) and should be depleted in
syntaxin 5 (Banfield et al., 1994); the opposite will be
Experimental Procedures
true for the remnants. The NSF pathway should operate
preferentially on the transport vesicles during the early Proteins
phase of reassembly, whereas the p97 pathway should a-SNAP, g-SNAP, NSF (Rabouille et al., 1995a), and p47 (Kondo et
al., 1997) were prepared as His6-tagged, recombinant proteins. p97operate on the remnants. When coupled with likely dif-
(Kondo et al., 1997) and p115 (Levine et al., 1996; Nakamura etferences in the kinetics of the two ATPases, two cisternal
al., 1997) were prepared from rat liver cytosol. Purified p97 andmorphologies could easily be generated through the
recombinant p47 were used to prepare the p97/p47 complex (Kondo
common syntaxin 5. et al., 1997).
Furthermore, this model could also explain why the Several forms of recombinant syntaxin 5 were prepared compris-
effects of NSF and p97 on cisternal reassembly are not ing the entire cytoplasmic domain without the N-terminal extension
found on the longer isoform (Hui et al., 1997b) and lacking theadditive. The NSF pathway operates via v-t-SNAREs,
transmembrane domain (TM): His6-syntaxin 5-DTM was preparedso complete cisternae would be reassembled by the
as described (Hui et al., 1997b) and used to prepare antibodies;fusion of GOS-28-enriched transport vesicles with syn-
GST-syntaxin 5-DTM was prepared by amplification without the initi-taxin 5±enriched cores. If the p97 pathway operates via ator ATG but with the stop codon and, with flanking BamHI and
t-t-SNAREs, then the formation of complete cisternae EcoRI sites, cloned into the pGEX4T-2 vector (Pharmacia). Induction
would require the presence of some syntaxin 5 in the at 258C was followed by purification using glutathione-Sepharose
transport vesicles. Only then could they fuse with the (Pharmacia); cleavage with thrombin (Sigma) to remove the GST
was used to prepare syntaxin 5-DTM.syntaxin 5±enriched cores. The presence of t-SNAREs
in transport vesicles isnot withoutprecedence. Synaptic
vesicles contain the t-SNAREs syntaxin 1 and SNAP-25, Antibodies
though in smaller amounts than the cognate v-SNARE Affinity purified antibodies to His6-syntaxin 5-DTM and mixed poly-
clonal antibodies to individual peptides (NHU1, 2, 3, and 4) wereVAMP/synaptobrevin (Walch Solimena et al., 1995).
prepared as described (Hui et al., 1997b). Monoclonal antibody toSyntaxin 5 and GOS-28 may not be the only SNAREs
syntaxin 1 (HPC-1) was obtained from Giampietro Schiavo (Inoueinvolved in rebuilding Golgi cisternae. Few other Golgi
et al., 1992). Affinity purified antibodies to GOS-28 were obtained
SNAREs are known so far (Banfield et al., 1995; Bock from Thomas SoÈ llner (Nagahama et al., 1996). Monoclonal antibod-
et al., 1996; Hay et al., 1997; Lowe et al., 1997; McNew ies to p97 were obtained from Jan-Michael Peters. Polyclonal anti-
et al., 1997), but if they operate in combination or in bodies to p47 were prepared as described (Kondo et al., 1997).
Monoclonal antibodies to the His6 tag were obtained from Quiagen.tandem, then they would be unable to function after
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Cisternal Regrowth N-ethylmaleimide-sensitive factor acts at a prefusion ATP-depen-
dent step in Ca21-activated exocytosis. J. Biol. Chem. 271, 20223±MGFs were prepared from purified rat liver Golgi stacks (Hui et
al., 1997a) and mitotic HeLa cytosol (Rabouille et al., 1995b), the 20226.
reisolated membranes treated with NEM on ice (Rabouille et al., Banfield, D.K., Lewis, M.J., Rabouille, C., Warren, G., and Pelham,
1995a), quenched with DTT, and preincubated on ice where neces- H.R.B. (1994). Localization of sed5, a putative vesicle targeting mole-
sary with the components indicated in the figure legends. Buffer or cule, to the cis-Golgi network involves both its transmembrane and
p97/p47 (70 mg/ml; 37.5 mg/ml) or NSF/a-SNAP/g-SNAP/p115 (100 cytoplasmic domains. J. Cell Biol. 127, 357±371.
mg/ml; 25 mg/ml; 25 mg/ml; 7.5 mg/ml) were then added in a final Banfield, D.K., Lewis, M.J., and Pelham, H.R.B. (1995). A SNARE-
assay volume of 20 ml and a concentration of NEM-MGFs between like protein required for traffic through the Golgi complex. Nature
0.75 and 1.0 mg protein/ml. After incubation for 60 min at 378C, 375, 806±809.
the samples were fixed, processed for EM, and quantitated using
Baumert, M., Maycox, P.R., Navone, F., De Camilli, P., and Jahn,standard stereological procedures (Rabouille et al., 1995a).
R. (1989). Synaptobrevin: an integral membrane protein of 18,000
daltons present in small synaptic vesicles of rat brain. EMBO J. 8,Cross-Linking to Native Syntaxin 5
379±384.The reconstituted p97/His6-p47 complex (6 mg of p97) (Kondo et al.,
Beckers, C.J.M., Block, M.R., Glick, B.S., Rothman, J.E., and Balch,1997) in 15 ml of buffer A (20 mM HEPES (pH 7.4), 0.15 M KCl, 1
W.E. (1989). Vesicular transport between the endoplasmic reticulummM DTT, 1 mM ATP, 1 mM MgCl2) was incubated with the heterobi-
and the Golgi stack requires the NEM-sensitive fusion protein. Na-functional cross-linker sulfo-SADP (Pierce) on ice for 3 hr and de-
ture 339, 397±398.salted into buffer A containing 0.25 M sucrose to remove unconju-
gated cross-linker. After incubation with Golgi membranes (0.23 mg, Bennett, M.K., Calakos, N., and Scheller, R.H. (1992). Syntaxin: a
washed with 1 M KCl) on ice for 60 min, the control samples were synaptic protein implicated in docking of synaptic vesicles at pre-
kept in the dark or the cross-linker was photoactivated by a 5 min synaptic active zones. Science 257, 255±259.
exposure to UV light (254nm). The reaction was quenched by adding Bennett, M.K., Garcia Arraras, J.E., Elferink, L.A., Peterson, K., Flem-
Tris-Cl (pH 7.4) to 0.1 M, the membranes recovered by centrifuga- ing, A.M., Hazuka, C.D., and Scheller, R.H. (1993). The syntaxin
tion, solubilized in buffer B (50 mM HEPES (pH 7.4), 0.1 M NaCl, 2 family of vesicular transport receptors. Cell 74, 863±873.
mM EDTA) containing 1% SDS, and heated to 958C. After addition
Block, M.R., Glick, B.S., Wilcox, C.A., Wieland, F.T., and Rothman,of an equal volume of buffer B containing 4% Triton X-100, mixed
J.E. (1988). Purification of a N-ethylmaleimide-sensitive protein cata-polyclonal anti-peptide antibodies to syntaxin 5, immobilized on
lyzing vesicular transport. Proc. Natl. Acad. Sci. USA 85, 7852±7856.Dynabeads (Dynal), were added. After incubation for 3 hr at 48C,
Bock, J.B., and Scheller, R.H. (1997). A fusion of new ideas. Naturethe beads were washed thrice in PBS containing 0.1% SDS and
387, 133±135.0.5% Triton X-100 and once with PBS. The cross-links were then
Bock, J.B., Lin, R.C., and Scheller, R.H. (1996). A new syntaxin familycleaved by incubating the beads in sample buffer containing 10%
member implicated in targeting of intracellular transport vesicles.2-mercaptoethanol for 60 min at 378C.
J. Biol. Chem. 271, 17961±17965.
Binding to Recombinant Syntaxin 5 Chapman, E.R., An, S., Barton, N., and Jahn, R. (1994). SNAP-25, a
GST-syntaxin 5-DTM was mixed with other proteins in buffer A con- t-SNARE which binds to both syntaxin and synaptobrevin via do-
taining 0.1% deoxycholic acid. GST alone was used as the control. mains that may form coiled coils. J. Biol. Chem. 269, 27427±27432.
After preincubation for 30 min on ice, the mixtures were incubated Clary, D.O., Griff, I.C., and Rothman, J.E. (1990). SNAPs, a family of
with glutathione-agarose beads for 2 hr at 48C. After washing the NSF attachment proteins involved in intracellular membrane fusion
beads thrice with buffer A containing 0.1% deoxycholic acid and in animals and yeast. Cell 61, 709±721.
once with buffer A, the samples were fractionated by SDS-PAGE
Confalonieri, F., and Duguet, M. (1995). A 200-amino acid ATPaseand analyzed by Western blotting.
module in search of a basic function. Bioessays 17, 639±650.
Dascher, C., Matteson, J., and Balch, W.E. (1994). Syntaxin 5 regu-Miscellaneous Procedures
lates endoplasmic reticulum to Golgi transport. J. Biol. Chem. 269,Proteins were fractionated by SDS-PAGE (Kondo et al., 1997), the
29363±29366.proteins transferred to nitrocellulose, and the blots probed with
appropriate antibodies and detected by ECL (Amersham). Davanger, S., Bock, J.B., Klumperman, J., and Scheller, R.H. (1997).
Syntaxin-6 functions in trans-Golgi network vesicle trafficking. Mol.
Biol. Cell 8, 1261±1271.Negative Staining
Samples were adsorbed onto carbon-coated Formvar grids and Diaz, R., Mayorga, L.S., Weidman, P.J., Rothman, J.E., and Stahl,
negatively stained with 1% uranyl acetate before air drying. Grids P.D. (1989). Vesicle fusion following receptor-mediated endocytosis
were viewed using a JEOL 1010 electron microscope at 80 kV with requires a protein active in Golgi transport. Nature 339, 398±400.
a 70 mm objective aperture. Selected images were aligned and aver- Elazar, Z., Mayer, T., and Rothman, J.E. (1994). Removal of rab
aged using SEMPER software (Saxton, 1996). GTP-binding proteins from Golgi membranes by GDP dissociation
inhibitor inhibits inter-cisternal transport in the Golgi stacks. J. Biol.
Acknowledgments Chem. 269, 794±797.
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